A novel culture system for mammalian cells was used to investigate division orientations in populations of Chinese hamster ovary cells and the inf luence of gravity on the positioning of division axes. The cells were tethered to adhesive sites, smaller in diameter than a newborn cell, distributed over a nonadhesive substrate positioned vertically. The cells grew and divided while attached to the sites, and the angles and directions of elongation during anaphase, projected in the vertical plane, were found to be random with respect to gravity. However, consecutive divisions of individual cells were generally along the same axis or at 90°to the previous division, with equal probability. Thus, successive divisions were restricted to orthogonal planes, but the choice of plane appeared to be random, unlike the ordered sequence of cleavage orientations seen during early embryo development.
Consecutive division planes in animal cells are commonly observed to be oriented at 90°to each other (1) . In the case of developing embryos, the earliest cleavages are oriented in a specific orthogonal sequence, e.g., two divisions in vertical planes at 90°to each other and a third in the horizontal plane (2) (3) (4) . In some instances, the cleavage orientations are gravity sensitive (5, 6) . There are, however, exceptions to the rule of consecutive orthogonal division planes in some developmental systems, in polarized tissues, and in budding yeast, where successive divisions may take place along the same axis (7) (8) (9) (10) (11) (12) . This study was designed to investigate the orientations of division planes in mammalian cells growing autonomously in vitro and the influence of gravity on these orientations.
To undertake this study it was considered important to grow the cells in a manner that would mimic autonomous growth in suspension culture as nearly as possible, and at the same time maintain the cells fixed in place so that division angles could be measured. To achieve this, the ''baby machine'' culture technique was exploited, which has been used to study cell cycle properties of prokaryotic cells for many years and has recently been applied to eukaryotes (13) (14) (15) . In this technique, the cells grow and divide while attached to tiny adhesive sites distributed over a nonadhesive surface (shown schematically in Fig. 1 ). The sites are smaller than the diameter of a newborn cell so that each time a cell divides there is usually room for only one new daughter cell to remain attached and the other is released. Thus, the cells remain spherically shaped, similar to those in suspension culture, but immobilized. To evaluate the effects of gravity on division orientations, the surface was held vertically, as shown in Fig. 1 A. The orientation of division was determined by measuring the angle of the long axis of the dividing cell, termed the division axis, which would also correspond to the spindle axis, drawn as a vector in the direction of elongation of the cell in anaphase in the vertical plane (Fig. 1B) . Cells 1 and 2 in Fig. 1 A are shown dividing at right angles to each other in perpendicular division planes.
When viewed (Fig. 1B) , the division axes are parallel, but the division directions are at 180°. Cell 3 is shown dividing on an axis at 90°to the other two cells.
MATERIALS AND METHODS
Preparation of Culture Flasks. To produce the nonadherent surface, the bottom of a 25-ml polystyrene culture flask was coated with a 5% solution of poly-2-hydroxyethyl methacrylate (polyHEMA, Sigma) in absolute methanol (15) . Prior to coating, the flasks were rinsed twice with approximately 10-ml volumes of methanol, and then 0.5 ml of the polyHEMA was pipetted into the flask to cover the bottom. The coated flasks were dried in a sterile hood overnight with the caps off. The adhesive sites consisted of 4.8 m-diameter Dynabeads (Dynal, Great Neck, NY). The Dynabeads, generally the tosyl-activated version, were resuspended in 5-10 ml of PBS to a total of approximately 10 6 beads per sample. After vortexing the suspension, it was poured into a polyHEMA-coated flask, and the beads were allowed to settle onto the coating for 6 hr or longer at room temperature. After the beads had settled and adhered to the polyHEMA, the flask was rinsed once with PBS in preparation for addition of the cells. Chinese hamster ovary cells (CHO-K1, ATCC CCL 61) were added to the flask from a stock grown to confluence in RPMI medium 1640 (GIBCO) with 10% fetal bovine serum in a 25-ml culture flask. Before addition of the cells to the poly-HEMA-coated flask, 3 ml of RPMI medium 1640 plus 4 ml fetal bovine serum were added to the flask followed by approximately one-half of the stock flask, in 5 ml RPMI medium 1640, which had been dissociated with trypsin-EDTA. The flask was gassed with 5% CO 2 ͞95% air and incubated approximately 18 hr at 37°C. The cells attached only to the beads, and by the end of the incubation most of the beads contained an attached cell. The flask was then rocked to resuspend unattached cells and cell clumps, the suspension was poured off, and 20 ml of fresh RPMI medium 1640 with 20% serum was added and the flasks gassed with 5% CO 2 ͞95% air.
Measurement of Division Axes. The growth and division of the cells attached to the adhesive beads were monitored with an Olympus IMT-2 inverted microscope and a Hitachi VK-C150 color video camera connected to an Hitachi TLC1550 time-lapse VCR. The microscope contained a chamber maintained at 37°C, and was positioned so that the stage, and consequently the culture flask, was in a vertical plane. The video recordings were used to observe the growth properties of the cells, and division angles were measured for each cell as the direction of the spindle axis at late anaphase, directly on the screen of the monitor or from photographs of individual frames of the video tapes. Fig. 2 A and D) . Cell 2 divided on 90°axes in the two divisions ( Fig. 2 B and E) . Cell 3 divided along the same axis in the two divisions but in opposite directions (Fig. 2 C and F) .
RESULTS AND DISCUSSION
Division angles were measured for 311 cells observed in 6 separate experiments (Fig. 3) . The angles of division in the vertical plane could be measured except in the instances when the cell elongated directly out from the vertical plane. The cultures were observed for about 5 days each, or until they were overgrown. It is evident that the direction of division was random with respect to the vertical plane.
Many of the cells divided two or more times during observation, so that angles of successive divisions for an individual cell attached to a bead could also be determined. The results of this analysis for 96 of the cells in Fig. 3 are shown in Fig. 4 , in which the angle of the first division was arbitrarily set to zero and the angles of second divisions are given. It is evident that consecutive division axes formed a regular pattern, with equal probability that an attached cell would divide in the same axis in the vertical plane as in a perpendicular axis. Of these 96 cells, 13 could be followed for 3 undisturbed successive divisions. All four possible sequences of division angles were evident with approximately equal probability, as indicated in the outer ring of cells.
Two major conclusions can be reached from these studies. First, when the CHO cells were held fixed in a vertical plane, the direction of gravity had no effect on the orientation of division. A similar conclusion was reached in an earlier study with Chinese hamster and human kidney cells grown in monolayer (16) . However, this study avoided the potential influence of cell spreading on division orientation. Because the division plane is perpendicular to the spindle axis (2, 3, 17) , it appears that the establishment of spindle orientation by the movement and position of centrosomes overwhelms any possible gravitational effects, and that the randomness of the division axes reflects the randomness of the attachment of the cells to the adhesive sites. This is the case for observations of up to three cell cycles. Longer-term analyses of relationships between gravity and division in undisturbed cultures were not feasible with the current system because the culture flasks became overgrown within a few days with free daughter cells and had to be disturbed to remove the unbound cells and add fresh culture medium. However, when individual flasks were treated in this manner and observed for longer periods, all subsequent divisions were still random with respect to gravity.
Second, consecutive division axes in the vertical plane were arranged along one of two orthogonal axes in the CHO cells grown under conditions that mimicked suspension culture, similar to that seen in early embryo cleavages. However, unlike embryos, the choice of division plane appeared to be random because consecutive divisions of the cells were equally likely along the same or a perpendicular axis, e.g., three successive divisions along the same axis projected in the vertical plane were detected. Thus, if the position of the division axis is a consequence of the movement of centrosomes to opposite sides of the nucleus to establish the locations of the spindle ends, this movement can take place in the same plane, rather than an orthogonal plane, in two consecutive cell cycles. It is evident from the video tapes that the cells undulated during growth while attached to the beads. Nevertheless, the precise pattern of successive divisions indicates that once the cells attached they either remained fixed and did not twist in the vertical plane, perhaps due to linkage between the adhesion sites and the cytoskeleton (18) , or twisted at 90°or 180°o nly, which seems unlikely. It did appear, however, that when the cells entered mitosis there was little further movement, and they seemed to reach a fixed position with respect to the bead, and remained there through metaphase and anaphase. In light of the rarity of detection of acute or obtuse successive division angles, the possibility cannot be ruled out that the cells actively oriented themselves into a fixed position relative to the attachment site prior to entry into mitosis.
The culture technique described here has several potential applications in addition to the studies described. The cells could theoretically be held in any orientation, including inverted, for studying additional properties of attached cells. The newborn daughter cells shed from the surface could be used for studies on the cell cycle as performed in the past with bacteria and yeast (13, 14) . In addition, the technique can be used to investigate segregation of components between cells at division because the results suggested that the site of attachment to the bead remained fixed.
